A novel single phase buck-boost step-up inverter for PV AC module is presented in this paper. To begin with, the paper analyzes the inverter's operation principle, control strategy and steady-state characteristics in detail. What's more, the validity of the theoretical analysis has been verified by the simulation results of a 250W/40kHz prototype. The measured THD of grid-connected current is 4.01% and the maximum efficiency is 98.4%.The analytical and simulation investigations show that: if the unipolar frequency doubling SPWM method is adopted, the proposed inverter can effectively boost the DC link voltage to ensure the achievement of grid-connected power generation, and it has the advantages of simple structure, easy to control, and high efficiency.
Introduction
With the worsening of energy crisis and environmental pollution, photovoltaic (PV) power generation has gradually received extensive attention in the world. The power configurations of PV generation system can be classified as centralized inverters, string and multi-string inverters, and AC module [1] . Compared with the formers, PV AC module has the advantages of easy extension, less installation cost, higher reliability and inhibition of multi-peak effect. Therefore, it has become one of the hottest spots in PV field [2] . PV AC module generally adopts one PV panel as power supply and its input voltage (u in ) is rather low (usually less than 40V), that means the grid-connected inverters must be able to lift the PV DC voltage up to a value higher than the amplitude of grid voltage. Recently, a number of schemes for PV AC module applications have been reported [3] . These approaches mostly apply two-stage structure, as shown in Figure 1 , and they can be summed up in two categories. The first type of AC module normally includes a DC/DC highgain converter and a traditional voltage source full-bridge inverter [4] . The second category is the one generally composed of a traditional Boost converter (or Buck-Boost converter) and a step-up inverter (such as: Z-source inverters [5] , the differential inverters (e.g. double Boost inverters) [6] and active buck-boost inverters [7] [8] ). All these inverters can effectively boost the DC-link voltage, however they suffer from one or more of the following major drawbacks: higher number of switches or passive elements, low integration,
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Grid-connected inverter Fig 1: The structure of PV AC module complex control and limited DC gain. Therefore, some researchers presented the integrated step-up inverters [9] [10] [11] [12] , which integrates the Boost converter with traditional full-bridge inverter by sharing power devices. However, literatures [9] [10] adopt a complex nonlinear control technology. Literature [11] applies the fixed duty ratio control to one of the inverter's bridge-arms, and uses sinusoidal pulse width modulation (SPWM) control to the rest one. Although the control is simplified, the system's DC gain is restricted and its output current may contain DC component. In order to overcome these problems, a novel integrated boost inverter has been proposed in [12] . Unfortunately, it didn't make further study on the inverter's operating principle and relevant characteristic. This paper proposes a novel high step-up Buck-Boost integrated inverter for PV AC module, which is evolved from the Buck-Boost converter and conventional full-bridge inverter. The paper analyzes the inverter's operation principle, control strategy and steady-state characteristics in detail at first. After that, the validity of the theoretical analysis has been verified by a 250W/40kHz simulation prototype. Simulation investigations show that: the proposed inverter has the advantages of high DC gain, less passive elements, simple structure, high integration, easy to control and high efficiency. Figure 3 shows the topology evolution of the proposed inverter. As can be seen, it's evolved from the Buck-boost converter and the conventional full-bridge inverter by sharing S 1 , S 3 , D S2 and D s4 . As a result, it reduces the cost and improves the system integration.
Fig 3: Evolution of high step-up Buck-Boost integrated gridconnected inverter
Operation principle analysis
In this paper, the proposed inverter is modulated by the conventional unipolar frequency multiplication SPWM and the switching sequences during one switching period are shown in Table 1 . According to the switching sequences, the working principle and steady-state characteristics of the circuit in the boost inductor current (i L1 ) continuous mode (CCM) can be analyzed.
Positive half-cycle Negative half-cycle To simplify the analysis, we can assume that the inverter has reached steady state and satisfies the following conditions: (1) Switches S 1 -S 4 and diodes D 1 -D 2 are both ideal components; (2) Inductors and capacitors are all ideal energy storage elements; (3) The input voltage u in is constant (U in ) and ripple free; (4) The grid-connected current i g is constant (I g ) in one switching period; (5) The capacitor C is large enough to assume that the voltage u C is constant (U C ) and ripple free; (6) The potential of n 2 is zero.
For the inverter, since the operating processes are similar during the positive half-cycle and the negative half-cycle of the sine modulation waveform, here only the positive half period is applied to analyze. Based on these assumptions, circuit operations in one switching cycle can be divided into four stages. Figure 4 shows the four dynamic equivalent circuits of the proposed inverter during one switching period, in agreement with the relevant waveforms shown in Figure 5 .
The detailed analysis will be given as follows. Fig. 4b . At the instant t=t 1 , S 4 turns off and S 3 turns on. The current i L1 (t) keeps increasing linearly. This stage ends at the instant t=t 2 . The relevant equations can be respectively described as: 
2.3 DC gain of the proposed inverter Figure 6 describes the variation of the boost inductor current Figure 5 : Operation waveforms of the proposed inverter when u r >0
in the kth switching period. kT s and (k-1)T s are the terminal time and the starting time of the kth switching period, respectively. α k is the phase angle and T s is the triangular carrier cycle. From Figure 5 , we can get the increased values of i L1 during stage 1~stage 3, respectively:
Where:
Where, M=U rm /U cm =U 1m /U dc is the inverter's modulation ratio; U rm and U cm are the amplitude of modulation signal and triangular carrier, respectively. U 1m is the amplitude of the inverter's fundamental output voltage, U dc =U in +U C is the inverter's DC link voltage. Also, we can get the decreased values of i L1 during stage 4: 
Sum of the increased values and decreased values of i L1 in the positive half period can be obtained, respectively: 
Where, N is carrier wave ratio and is very large, we have:
Then the equation (23) can be simplified into:
The inverter's DC gain is:
From equation (26), we can obtain the relation curve of DC gain (G) versus inverter's modulation ratio (M), as shown in Figure 7 . Apparently, DC gain increases with M. When M=0.9, the proposed inverter's DC gain could reach 4.7, which is much higher than the maximum DC gain (G=3) in the literature [11] . 
Electric stress analysis
According to the above analysis, we can deduce the electric stress of all power components in the proposed inverter, as shown in Table 2 . Assuming that the loss of the inverter is very small, the active power of the input side is equal to that of the output side, then:
Since the average current of the output capacitor C is zero during fundamental frequency cycle, the average current of the boost inductor I L1 is equal to the input average current I in , that is:
According to (21), we have:
  is the peak-peak current of the boost inductor L 1 . When I L1pp ≤2I L1 , the boost inductor current is continuous. So, from equation (28) and (29), we can determine the value of the boost inductor in CCM.
4 Control strategy Figure 8 shows the system control block diagram of the proposed inverter in this paper. In this system, the PV interface converter works in MPPT mode, while the inverter is under the triple loop control. All of these control loops 
Simulation results
A simulation prototype was built with Saber software to verify the feasibility of the proposed PV AC module. The system parameters considered for the simulation study are provided in Table 3 and Table 4 . Figure 9 shows the PV panel's simulation model composed of 72 cells, where the parameters are set as follows: PN junction temperature at 27 ℃ , reverse saturation current I o =10 -9 A, minority carrier life τ n =1μs, parasitic elements R s =0.8Ω and R sh =500Ω. Figure 10 gives the power-voltage (P-V) curves of the PV panel's simulation model with various photocurrents I sc . Figure 11 gives the relationship between the Boost converter's efficiency and duty ratio. It can be seen that when duty ratio is within [0. 6, 0.7] , the Boost converter's efficiency will reach the top. Therefore, baed on the PV panel's MPP voltage range as shown in Figure 10 . We set the Boost converter's output voltage at 80V. Figure 12 shows the relevant simulation waveforms of the PV AC module. Figure 12(a) gives the simulation waveforms of u in , u dc and u pv , where their steady values are 80V, 357V and 33V, respectively. Obviously, the proposed inverter achieves DC voltage step-up and the DC gain G≈4.46, which coincides with the theoretical analysis. Figure 12( The relationship between the Boost converter's efficiency and duty ratio Figure 13 gives the proposed inverter's efficiency-output power curve with i L1 in CCM. We can observe that the maximum efficiency can reach 98%. Thus, based on Figure  11 and 13, the maximum system efficiency can even achieve 95%. 
Conclusions
This paper proposes a novel high gain step-up Buck-Boost integrated inverter for PV AC module, which is evolved from the Buck-Boost converter and conventional full-bridge inverter. Simulation investigations show that: The novel inverter has the advantages of high DC gain, less passive element, simple structure, high integration, easy to control, high efficiency and a better application prospect.
